The study of gas hydrate formation has attracted researchers' attention due to the importance of this topic to oil and gas industries. Gas hydrates can interrupt flow during the petroleum extraction resulting in production losses as well as in safety concerns. Understanding the kinetics of the process is useful to delay hydrate formation by using kinetic inhibitors that are applied often at lower concentrations. Acquisition of experimental data on the process is important to predict ranges of conditions for hydrate formation. This work applies the Johnson-Mehl-Avrami-Kolmogorov (JMAK) phenomenological model for a set of data acquired for pectin, a natural polymer used as kinetic inhibitor, to predict the fraction of hydrate formed. Results suggest the use pectin as potential natural hydrate inhibitor, considering that the data are in agreement with the model's prediction.
INTRODUCTION
Gas hydrates are ice-like structures composed of small gas molecules (such as methane, ethane, and propane) and water, formed at low temperatures and high pressure (Xu et al., 2010) . Hydrate crystallization process can be divided into two main stages: nucleation and growth. Nucleation stage, in turn, can be induced through crystal seeds or can occur spontaneously through random molecular interactions. The first hydrate nuclei (clusters) are formed in the nucleation stage, and a critical radius must be reached before additional growth becomes thermodynamically favorable (Kaschiev, 2000) . The conditions of formation and stability of gas hydrates are determined by the relationship between three variables: concentration of the hydrate-forming gas, temperature, and pressure (Oliveira et al., 2010).
There are three main families of hydrates, which have a crystal structure determined mainly by the largest guest molecules in the structure. Guest sizes (largest van der Waals diameter) cover a range from 0.4 to 0.9 nm and include almost all chemical functionalities (Ripmeester & Alavi, 2016) . The three main families of gas hydrates are the cubic structures I and II and the H hexagonal structure (Trueba et al., 2014), as displayed in Figure 1 .
Over recent years, natural gas hydrates have been the focus of many studies due to their wide applicability as a new source on natural gas and as a means for novel applications like carbon dioxide capture, hydrogen storage, and natural gas storage and transportation. Natural gas hydrates, mainly methane, contain highly concentrated methane gas (Siangsai et al., 2015).
Natural gas hydrate reservoirs contain high concentrations of methane gas. A study by the United States Geological Survey (USGS) estimates that the amount of natural gas stored as hydrate in permafrost and ocean sediments is twice that of all other fossil fuels combined (Gandara et al., 2015) .
Despite all the advantages of gas hydrates present to be used as energy source for the future and their abundance throughout the world, our insufficient understanding of hydrates has limited their extraction. If in one hand gas hydrates have a great potential as an energy source, on the other hand they can create hydrate blockages capable of obstructing oil/gas pipelines, compromising transportation and posing threats to oil and gas industries (Sa et al., 2016). According Daraboina et al. (2014), the formation of gas hydrates is one of the major challenges of the oil and gas industry in the last decades.
Companies in the oil sector are continually working to increase the exploration and production of oil and gas. In some systems, the fluids from the reservoir (gas, oil, and water) are directed to the platform through a pipeline, where processing is performed. These pipes remain under extreme conditions of low temperatures and high pressures, providing favorable conditions for the formation of gas hydrates. Thus, understanding the kinetics of hydrate formation and its dissociation is very important for the oil industry as it needs to maintain unrestricted flow of oil and gas into pipelines (Tang et al., 2017).
Traditionally, hydrate formation has been avoided by using thermodynamic inhibitors, such as methanol or glycol, at high dosages (Daraboina et al., 2011). In Brazil, the usage of ethanol is common. However, economic and environmental factors, besides technical problems associated with thermodynamic inhibitors, have motivated the research and development of alternative technologies to avoid hydrate formation, to include using a low dosage hydrate inhibitors (LDHIs) Figure 2 shows the general structure of pectin with chemical structure of polygalacturonic acid (a) and typical repeating units that could be metoxylated carboxyl, carboxyl, and amidated carboxyl groups.
Pectin, as a well-known food additive, is widely used as thickener, texturizer, emulsifier, and stabilizer agent in a variety of industrialized food, pharmaceutical, and cosmetic products. Studies also suggest that pectin can be used in the pharmaceutical industry for its ability to reduce cholesterol levels inhuman blood (Silva et al., 2016). Pectin can be extracted from various agricultural by-products, including orange peel, apple pomace, lemon, and sugar beet pulp Continuing the study of pectin as a natural gas hydrate inhibitor, this paper analyzes the concentrations of 0.3, 0.5, and 1.0 wt.% for the subcoolings of 7, 9, and 11°C at a pressure of 100 bar (APPENDIX A). The study allowed the evaluation of gas consumption, pressure variation over time, and rate of hydrate formation under certain conditions using the Johnson-Mehl-AvramiKolmogorov (JMAK) phenomenological model to predict the fraction of hydrate formed.
Assuming that hydrate formation is a process analogous to that of crystallization, characterized by nucleation and growth mechanism, the fraction of the hydrate formed obtained experimentally can be compared with the fraction of the hydrate formed calculated by classical theory of JMAK. JMAK's model describes the kinetics of phase transformation based on the assumption of spatially random nucleation, considering the growth rate as constant (Rios & Padilha, 2007). The kinetics of isothermal phase transformations have been described by the JMAK phenomenological model since the 40's, and, although many theoretical investigators have contributed with new improvements to extend the range of applicability of this model, the experimentalists keep using it in its original form due to its simplicity (Fanfoni & Tomellini, 1998). The essence of the model initially proposed for isothermal transformation in solids can be summarized in the relation presented in Eq. 1:
Where, t is the effective time, n is the exponent of Avrami, and k is a dependence of the kinetic rate constant. According to Rios and Padilha (2007), the JMAK model follows a sigmoidal fit and the values of k and n are found by fitting the experimental data.
The JMAK equation follows a sigmoidal fit and is used most commonly in its linearized form (Rios & Padilha, 2007) described by Eq. 2. (2) This kinetic rate constant is dependent of the temperature and it is assumed to be an Arrheniustype relation, given by the Eq. 3. Usually, Eq. 3, is applied in its linearized form as indicated in Eq. 4.
Where, is the frequency factor, is the activation energy, R is the universal gas constant, and T is the temperature.
The error in the JMAK model was predicted using the mean absolute percentage error (MAPE). According Khair et al. (2017), MAPE is a metric commonly used to calculate the margin error from predicted least square method of data. Eq. 5 represents the formula for measuring the MAPE (%) (Kumar et al., 2016).
Where, is the experimental data, is the Avrami fit data for hydrate conversion ratio, and n is the number of observations. Therefore, the present work aims to support the understanding of the mechanisms of gas hydrate formation and inhibition as well as to reinforce the performance of polysaccharide pectin as a natural kinetic inhibitor on the nucleation of gas hydrates.
EXPERIMENTAL PROCEDURE
Pectin (Dinâmica, Brazil), with high degree of methylation (DM > 50%) and a viscosimetric molecular weight of 500kDa was used without previous purification. Further information on pectin is available on sections S1 and S2 at SI). Pectin solutions were prepared by stirring overnight the powder material under concentrations of 0.3 to 1 wt.% in distilled water, where the concentrations studied were set according to Xu's work (Xu et al., 2016a). Methane gas (code N45) was acquired from Air Liquide.
Experiments involving the kinetics of gas hydrate formation were performed at the Fluids and Thermo Sciences Laboratory of the Engineering School of Fluminense Federal University using a high pressure cell from Hydrafact Ltd. (United Kingdom) with the refrigerated/heating circulator F25 from JULABO (Germany), coupled. The device consists of a jacketed cylinder (~290 cm 3 ) where the solution is placed. The system is kept at constant temperature by water circulating from a thermostatic bath and it is under homogeneous mechanical agitation. The gas was supplied by a high-pressure vessel, which was connected to the cell where there is a pressure control (see section S3 at SI).
The experiments were conducted using methane as hydrate-forming gas at a stirring rate of 500 RPM, over a range of temperatures (2°C~6°C) for subcooling of 11, 9, and 7°C, and at a pressure of 100 bar. Aditionally, experiments were performed by isochoric method: after temperature stabilization of the solution, the cell was closed and pressurized at 100 bar. At these conditions, one can expect to observe the formation of gas hydrates with structure of type I, as previously discussed. Additionally, Figure 3 presents a predicted/simplified phase diagram P -T that provides a continuous line for hydrate formation and dissociation equilibrium. The hydrate formation envelope presented in Figure 3 was simulated using thermodynamic software PVTSIM from Calsep a.s. (Denmark). Above the continuous line, hydrate plus excess phases coexist, and below the continuous line there are free water and free gas. The dots at Figure 3 show the conditions where the experiments were conducted, at a region where hydrates are thermodynamically stable and have the potential to form (Bai & Bai, 2005).
The formation of the hydrate was monitored through integrated commercial software, which recorded all temperature, pressure and torque variations that occurred while the experiment was in progress. Data were collected every 10 seconds over a time period of 6 hours, and the experiments were made in triplicates. Hydrate formation was identified by a pressure decrease and a temperature increase. Since there is methane consumpion for hydrate formation, it results is an exothermic process (Siangsai et al., 2015) .
Pressure and temperature data were used to calculate methane consumption (moles of methane consumed). Moles of the consumed gas for hydrate formation at time t is given by Eq. 6 from Siangsai et al. (2015). The gas compressibility factor (Z) was determined according to the Lee Kesler generalized correlation table.
Where is the number of moles of gas consumed for hydrate formation in the monitored interval of the experiment (mol). P is the pressure (Pa), V is the gas volume (m³), Z is the compressibility factor, R is the universal gas constant (8.31 m³·Pa·K −1 ·mol −1 ), t is time, and T is the temperature (K) in the reactor cell. Subscripts G,0 and G,t represent the gas phase at time zero and time t, respectively. The discrete forward difference method (Eq. 7) was used to calculate the rate of methane hydrate formation (Tian et al., 2017).
(7)
Where is the time difference between two observations.
RESULTS E DISCUSSIONS
The addition of many solutes into water can modify the equilibrium conditions of the system and/or the kinetics of a hydrate formation process (Ribeiro & Lage, 2008). Experimental and theorotical studies indicate the action of pectin as a natural gas hydrate inhibitor. At the present work, the main issue is to evaluate the kinetics of the process of gas hydrate formation applying the JMAK's model to predict parameters as a function of temperature.
Figures 4-6 show the behavior of pressure as a function of time for samples containing water and methane with 0-1 wt.% of pectin, at different temperatures. In all graphs, it is possible to see a pressure drop with time, and it can be explained by the incorporation of gas molecules in water. This consumption of gas occurs with the gas hydrate formation. For curves with pure water for temperatures of 2 and 4°C (Figs. 4 and 5), these two events occur up until 2h, and, then, a sharp decrease in pressure is associated to an increase in rate of conversion of hydrates. Sometimes both events happen at the same time, as one could observe in the experiments made with pectin solutions.
For curves with pectin, more than just pressure drop, Figure 4 shows a positive influence of pectin in the retardation of hydrate formation curve at 2°C. In this sense, best results were obtained for pectin concentration of 1wt.%. Some inhibition was observed at low concentrations of pectin (0.3-0.5 wt.%). As expected, a similar thermodynamic behavior was found for experiments conducted at 4 and 6°C ( Figure 5 ). According to the results presented above, it is possible to reinforce the idea that water plus pectin delayed the rate of gas hydrate formation. For higher pectin concentrations, lower are the pressure drop rate and the hydrate conversion. Nevertheless, pectin showed little or no effects on delaying hydrate nucleation, as it is not possible to separate gas dissolution and nucleation events in most of pressure curves.
According Ribeiro and Lage (2008), hydrate formation is a phase change process which requires a supersaturated environment to take place. Due to this supersaturation, the Gibbs free energy of the gas dissolved in the liquid is higher than the Gibbs free energy of the hydrate, and it favors the aggregation of water and gas molecules to form the hydrate. Figure 6 demonstrates that increasing subcooling by lowering the temperature, the rate of hydrate formation increases. This behavior was confirmed by Bai and Bai (2012) who affirmed that when subcooling increases, hydrate formation time decreases exponentially. The best results, in this work, were obtained for pectin concentration of 1 wt.% at 6°C. The gas uptake for samples containing pectin with 1 wt.% at different temperatures and at 2°C for different pectin concentration is shown at Figures 7-a and 7-b, respectivelly. The amount of gas consumed during methane hydrate formation also demonstrates that the lower subcooling and the higher the pectin concentration are there is a decrease in gas hydrate formation, according to Figure 7 -a.
Siangsai et al. (2015)
also determined curves of gas uptake versus time for their investigation of the roles of activated carbon particle sizes on methane hydrate formation, finding a similar behavior. According the authors, after introducing methane as gas into the system, there is a gas diffusion into water before hydrate formation, and this behavior can be observed at the beginning of the methane consumption curve. After that, the hydrate starts to form by rapidly consuming methane gas.
Methane gas consumption remains during hydrate crystal growth, until it reaches the equilibrium. Hydrate formation rate is controlled by the pressure, temperature, and composition of the system. The surface tension of the liquid also has an important influence on the hidrate formation (Tian et al., 2017) .
The classical Johnson-Mehl-AvramiKolmogorov approach for nucleation and growth models was revisited and applied in this work to find the fraction of gas hydrate formed under these condictions. Parameters k and n of the equation of JMAK (from Eq. 3), for the systems composed of water and 0.3 and 1 wt.% of pectin at different temperatures, were obtained with a regression analysis and are represented in Table 1 . The three stages of hydrate crystal growth, limited by the dominant type of resistance, were analyzed (see section S4 at SI). From Table 1 , it is possible to infer that n exponent values are in the range of 0 to 1.3. According Kumar et al. (2016), n value is considered to be composed of two terms ( ), the first represents the dimensionality of the growing crystals ( ) and the other represents the time dependence of the nucleation ( ). In the case of gas hydrates, the value of is expected to vary between half and one, depending on the degree of mass transfer resistance for gas diffusion. The value should be either 0 or 1, where 0 corresponds to instantaneous nucleation and 1 to sporadic nucleation. Nonetheless, n can assume a noninteger value, as seen in this work, since in many cases the nucleation may be in between completely instantaneous or completely sporadic.
To analyze the kinetics of gas hydrate formation, gas uptake curves were fitted to the crystallization model for initial stage of hydrate formation. In addition, it was observed that the value of k decreased with an increase in temperature, indicating a negative activation energy of formation reaction (Figure 8 ).
Amtawong et al. (2017)
pointed out two possible origins for the negative activation energy. For them the negative activation energy is due the existence of metastable structures that are more favorable at low temperatures or related to the initial surface adsorption of gas onto the ice surface.
Parameters and determined through Eq. 4, are represented in Table 2 . The higher the activation energy is, the slower the chemical reaction will be.
The hydrate conversion rates in the first stage of hydrate growth were well correlated by the Avrami coefficients (n and k) for this stage. However, to predict the amount of hydrate formed over time, it is suggested to use Avrami coefficients for the total time data (stage 1-3). The great fit is confirmed by the error margin calculated by Eq. 5 (Table 3 ).
The experimental data for the fraction of hydrate formed and the data obtained by the JMAK model for the systems formed by water and 1 wt.% of pectin were compared in Figure 9 . It is possible to observe the good adjustment of the experimental data to the JMAK model. The authors also found a good fit to the data.
Based on the present study, we found that pectin reduces the rate of hydrate crystal growth and, as expected, the results also indicate that the pectin is a promissing inhibitor for methane hydrate formation. Xu et al. (2016a) also found that pectin could retard methane hydrate formation and suppress hydrate growth. According Xu et al. (2016a), the pectin has lots of oxygen or hydroxyl groups in its structure and, due that, it can form hydrogen bonds with water molecules, perturbing the water structure. They indicated that water molecules can break hydrogen bonds between hydroxyl and carbonyl groups of pectin through water and pectin molecules, forming Hbonds. These effects result in a decrease in water activity and, after nucleation, the hydrophilic structure enables the pectin to retard hydrate crystal growth. Still, according to them, oxygen atoms of pectin bind to the surface of hydrate crystals through hydrogen bonds. As a consequence, the -D-galacturonosyl units of pectin can increase steric hindrance and, thus, suppress crystal growth. Additionally, according to them, the doublebonded oxygen atoms of pectin combine with hydrogen atoms of water, and the hydrogen atoms of hydroxyl in pectin combine with oxygen atoms of water through hydrogen bonds, causing disturbance and affecting the growth of methane hydrate. They mentioned that the role of the active groups of pectin in hydrogen bonds with water, both as proton donor and as electron receptor, favors the pectin to have a better inhibitory effect on the growth of methane hydrate.
CONCLUSIONS
The results support that pectin has a kinetic inhibitory effect on hydrate formation. This proposition is demonstrated by the behavior of curves of pressure over time evolution. Experimental data indicates that presence of pectin reduces the rate of hydrate crystal growth. Gas consumption over time decreased on subcooling experiments. Increases in pectin concentration decreased the rate of gas hydrate formation.
Hydrate conversion rates were well correlated by the Avrami equation. The Avrami exponent "n" was used to explain the hydrate nucleation and growth mechanisms. Thus, we reinforce that pectin is a promissing natural kinetic hydrate inhibitor with interesting applications in the oil and gas industry. We can also confirm that Avrami equation is a quite useful model for predicting the fraction of hydrate formed.
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